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We measured the amplitude–frequency characteristics of radio frequency superconducting quantum
interference devices ~rf SQUIDs! over a temperature range between 65 and 79 K. Using the
expressions derived from the recently developed rf SQUID theory, valid also at large thermal
fluctuations, we determined from these data the basic parameters of high-transition-temperature
superconductor ~HTS! rf SQUIDs. These parameters were: ~a! the high-frequency coupling
coefficient between the rf SQUID and the tank circuit resonator, k, ~b! the SQUIDs hysteretic
parameter, b, ~c! the critical current of the Josephson junction, Ic , ~d! its normal resistance, Rn , and
~e! its noise parameter, G. We found a good agreement with the values of b(Ic) and Rn determined
directly after destructively opening the SQUID loop. In accordance with the theoretical predictions,
our experimental results show that at large thermal fluctuation levels (T>77 K), rf SQUIDs with
large loop inductance operate in nonhysteretic mode up to b values exceeding 3. Furthermore, we
have shown that the optimal energy sensitivity is attained in the nonhysteretic mode at a value of b
distinctly higher than 1. A quantitative comparison of white noise predicted by the theory with that
obtained from the experiment showed a reasonable agreement. We also discussed the contribution
of the phase information to the SQUID’s signal and noise at optimum operation conditions, when
a mixer was used as a signal detector. © 2000 American Institute of Physics.
@S0021-8979~00!08018-X#I. INTRODUCTION
The theoretical description of the radio frequency ~rf!
superconducting quantum interference device ~SQUID! dates
back to the seminal work by Silver and Zimmerman, to the
thermal fluctuation noise treatment by Kurkija¨rvi, and the
contribution by Jackel and Buhrman.1–4 Concise, more up-
to-date descriptions can be found in rather comprehensive
reviews.5,6 This conventional theory assumed that, for the
proper operation of SQUID, the SQUID’s loop inductance Ls
should not exceed the fluctuation-threshold inductance LF
5(F0/2p)2/kBT , which is about 100 pH at 77 K, where F0
is the flux quantum, kB the Boltzmann constant, and T the
absolute temperature. Also, the thermal energy should be
smaller than the Josephson coupling energy of the junction,
i.e., G52pkBT/IcF0,1, where G is the junction ~thermal!
noise parameter and Ic is the critical current of that junction.
However, even in SQUIDs made of conventional low-
transition-temperature superconductors ~LTSs!, operation at
G.1 was observed some time ago.6 It is also known that rf
SQUIDs fabricated from high-temperature superconductors
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loop inductance, Ls , significantly exceeding the fluctuation-
threshold inductance LF>100 pH.7 Furthermore, it has been
shown that such large-Ls HTS rf SQUIDs can exhibit rea-
sonably low white flux noise levels of SF
1/2>10mF0 /Hz1/2,
even at high values of G, such that bG.1.8,9 Here, b
52pIcLs /F0 is the rf SQUID parameter. All these experi-
mental observations are at variance with the expectations of
conventional theory, which treat thermal fluctuations as a
small perturbation, and is valid for LTS rf SQUIDs when
bG!1 ~or Ls!LF!. Such observations can be understood,
however, in the framework of Chesca’s theory of rf SQUIDs
operating in the presence of large thermal fluctuations.10
The purpose of our work has been to experimentally
determine the optimum operation mode of rf SQUIDs at liq-
uid nitrogen temperatures, and to compare the results with
some of the predictions of Chesca’s theory. In this article, we
report on the determination of SQUID parameters from the
SQUID signal amplitude versus frequency curves ~AFCs!
measured over a range of temperatures. For LTS rf SQUIDs,
the most comprehensive measurements of this type were per-
formed at the liquid helium temperature by Shnyrkov et al.
and by Dmitrenko et al.11,12 A quantitative comparison of
experiment and theory requires the determination of all per-
tinent rf SQUID parameters, i.e., b(Ic), Rn , k2, and QL ,
where Rn is the junction normal resistance, k is the coeffi-
cient of inductive coupling between the tank circuit ~resona-
tor! and the SQUID loop, and QL is the loaded quality factor1 © 2000 American Institute of Physics
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of Ic and Rn is not straightforward. It requires opening of the
SQUID loop, i.e., the destruction of the device. Assuming
the validity of the theory, these parameters can be calculated
from AFC data and compared with those measured destruc-
tively. In this way, a comparison of theory and experiment
can be performed over a range of temperatures. Furthermore,
by measuring the white flux noise versus temperature, one
can determine the values of SQUID parameters resulting in
optimum rf SQUID performance, i.e., in the minimum of
flux noise and energy resolution.
II. EXPERIMENT
A. Characterized SQUIDs
We characterized rf SQUID washers in flip-chip con-
figuration with the flux concentrator and the superconducting
coplanar resonator surrounding the concentrator, such as
those described in Refs. 8 and 9. The washer and the focuser/
resonator were aligned and tightly clamped together.
The coplanar resonators had an outer diameter of 13.4
mm, their resonance frequency was about 660 MHz at 77 K,
and the unloaded quality factor ~without SQUID! was in the
range of Q56000– 8000. The washer rf SQUIDs had either
slit loops of 10 mm3500 mm, or square loops of 150 mm
3150 mm, and 100 mm3100 mm. The outer diameter of the
washer was 3.5 mm. Using the formula given by Fuke et al.,
we estimated the value of the slit loop inductance to be Ls
>260 pH.13 The geometric inductances of the square loops
were Ls>225 pH and Ls>150 pH. The resonators with flux
concentrators and the SQUID washers were fabricated from
YBa2Cu3O72d(YBCO) thin epitaxial c-axis films deposited
by pulsed laser deposition on separate LaAlO3 substrates.
The film critical temperature was Tc>90 K. Step–edge junc-
tions were used in SQUID washers. Two alternate methods
have been used to prepare the necessary sharp steps in the
substrate. One was to use the AZ5214 photoresist and amor-
phous YBCO thin film as mask, and another was to use
carbon thin film masks.14,15 For the direct four-point mea-
surement of Ic and Rn , the loops of the already fully char-
acterized SQUIDs were opened by a sharp diamond cutter
under a low-magnification microscope. The contact pads
were prepared by gold evaporation at room temperature and
lift off. Initially, attempts were made to open the loops using
standard photolithography. However, the processing and
cleaning involved a very high risk of altering the properties
of step–edge junctions.
B. Measuring methods
In Fig. 1, we show the experimental setup for the trans-
mission measurement of AFCs and of the quality factor of
the resonator. Two single-turn copper coil antennae, 13 mm
in diameter, served as the driving and receiver antennas,
which were connected by 50 V cables to the HP8752A net-
work analyzer. An attenuator and a preamplifier were in-
serted between the cables and the output and input ports of
the network analyzer, since the rf SQUID requires a very low
rf current bias and the network analyzer needs a sufficiently
high input signal amplitude. The flip-chip SQUID assemblyDownloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toto be characterized was placed between the two coils. For the
exact measurement of resonance frequency, a high quality
factor of the resonator is necessary. To make the influence of
the antenna coils on the resonant frequency of the resonator
and quality factor negligible, the coils were very weakly
coupled to the resonator. Therefore, the amplitude–
frequency curves could not be measured with the optimum
50 V matching to the rf amplifier.
For the accurate calculation of rf SQUID parameters, the
two resonance frequencies, v1 and v2 , should be deter-
mined with rf power bias approaching zero. These frequen-
cies were measured, respectively, at the external magnetic
flux value of Fe5nF0 , and Fe5(n11/2)F0 , where n is
an integer. With the weak inductive coupling, the effective rf
power used in AFC measurements was much less than that
corresponding to 295 dB set on the attenuator at an input
power of the order of, but not exactly, 1 mW, and much less
than the rf power necessary to produce one F0 in the SQUID
loop.
To measure the white flux noise versus temperature, we
also operated some of our flip-chip SQUIDs in a flux-locked
loop mode using appropriate, optimized rf SQUID electron-
ics with a synchronous, phase-sensitive detector.16,17 In this
case, the measurements have been done in the reflection
mode ~using a directional coupler!, and the optimum 50 V
matching was attempted by adjusting the distance between
resonator and the matching copper coil to obtain the highest
output signal and transfer function. In comparative measure-
ments performed to estimate the contribution of the SQUID
signal phase, we also used electronics with a diode amplitude
detector, which was not optimized. Noise spectra were al-
ways collected in flux-locked mode using the HP3562A dy-
namic signal analyzer.
All SQUID measurements were carried out in a dewar
inside a three-layer mumetal® shield. A 10-turn copper coil,
20 cm in diameter, surrounded the dewar and was used to
apply weak external magnetic flux levels to the SQUID. The
temperature of the liquid nitrogen bath was controlled by
pumping between ;65 and 79 K. Temperature stability
within 0.1 K was obtained. Temperatures were measured us-
ing a resistive Pt100 probe. The starting temperature ~at at-
mospheric pressure! was higher than 77 K, the plausible rea-
son was the impurity of liquid nitrogen.
FIG. 1. Experimental setup for the transmission measurement of amplitude–
frequency characteristics. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
6783J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Zeng et al.FIG. 2. ~a! Two AFCs at Fe5nF0 and Fe5(n11/2)F0 measured at 79.3 K, set rf power ,295 dBm, ~b! Two AFCs at Fe5nF0 and Fe5(n
11/2)F0 measured at 79.3 K, set rf power ,272 dBm, the same SQUID as in ~a!, ~c! rf pumping-amplitude dependence of a SQUID’s resonance frequency
at 78.3 K. (Ls5225 pH), and ~d! The AFCs of a different rf SQUID operating in hysteretic mode at 79.3 K.The four-point measurements of junctions in opened
loop included the measurement of current–voltage (I – V)
curves and the measurement of differential resistance,
dV/dI . The junction resistance can be easily determined
with sufficient accuracy at high bias voltages, either from the
slope of the I – V curve or from the differential resistance.
However, at temperatures of liquid nitrogen, due to the small
critical Ic , thermal fluctuations are high (G.1), and the
I – V curves are smooth, so that the direct determination of Ic
~which is observed at a finite voltage! is not reliable. Assum-
ing the validity of the resistively shunted junction ~RSJ!
model, and taking into account the high thermal fluctuations
(G@1), a good approximation of the I – V curve is given by
n5i2i/2(i21G2), where n5V/IcRn and i5I/Ic are the
normalized voltage and current.18 The normalized differen-
tial resistance rd5Rd /Rn can be expressed as
rd~ i !512F 12~ i21G2!2 i
2
~ i21G2!2G .
Since at i50, rd(0)5121/2G2. Hence, by measuring rd at
zero bias, we could determine G without other free param-
eters. From G we then obtained Ic . Since the expression for
rd is exactly valid when G@1, we checked its validity when
G>1 by comparing our calculated rd(i) with that calculated
from the full expression describing the I – V curve.18 The
agreement was entirely satisfactory, within a few percent.
Because of the additional noise from the electronics used to
measure the I – V characteristics, the differential resistance
has been giving Ic values with a better accuracy than theDownloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject todirect fitting of I – V curves. Hence, in this work, we deter-
mined G(Ic) only from the measured rd(i). For accurate
measurements of rd , the excitation current must be much
smaller than Ic . In our measurements, we used either 0.1 or
0.2 mA, without noticing any effect on the determined value
of G. The measurements of Rn and rd were performed over a
range of temperatures, as in the case of SQUIDs.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Measurements of AFCs
Figure 2~a! shows the example of two AFCs of a SQUID
with Ls>260 pH measured at Fe5nF0 and Fe5(n
11/2)F0 . These data were obtained at the highest tempera-
ture of measurement, which was 79.3 K. The corresponding
angular resonant frequencies are v1 and v2 , respectively,
while the resonance frequency of the resonator alone is v0 .
One can see that both the signal amplitude and the resonance
frequency are modulated by the external magnetic field.
Also, the quality factor at Fe5(n11/2)F0 is lower than
that at Fe5nF0 . These data were obtained at a very low
driving rf power level obtained by setting the attenuator at
295 dB at input power of the order of 1 mW. The curves
represent typical characteristics of a rf SQUID in nonhyster-
etic ~dispersive! mode, in which the rf SQUID can be seen as
a nonlinear inductance, with the resonance frequency and the
damping rate depending on the external magnetic flux and
the external rf power level. We emphasize, again, that since
the resonator and the two coil antennae were very weakly AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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smaller than the approximate 295 dBm, which represented
only a set reference value.
By increasing the driving rf power level, the difference
between v1 and v2 decreases and steps begin to appear on
the AFCs. With the rf power increasing further, the sign of
the difference is periodically reversed. Figure 2~b! shows the
analogous two AFCs of the same SQUID, which were mea-
sured at the ~much higher! rf driving power level, with the
attenuator set at 272 dB at the same input power as before.
The AFCs show a multi valued behavior, with jumps ob-
served as steps.
As another example, Fig. 2~c! shows the plots of v1 and
v2 ~on the abscissa! versus the rf voltage amplitude ~corre-
sponding to the square root of rf driving power! for a SQUID
having Ls5225 pH and measured at 78.3 K. The solid and
open circles correspond to an external flux nF0 ~i.e., v1! and
(n11/2)F0 ~i.e., v2!. We can see that the two resonance
frequencies oscillate about the resonator frequency v0 . The
oscillation amplitudes decrease with increasing rf power so
that v1 and v2 gradually converge at v0 . This result shows
that the SQUID was operating in nonhysteretic mode with
only one junction in the SQUID loop determining its
behavior.19
For comparison, in Fig. 2~d! we show the AFCs of a
different rf SQUID of inductance Ls5260 pH, which oper-
ated in hysteretic mode at the same temperature. We can see
that only the signal amplitude was modulated by the external
magnetic field, while the resonance frequency did not
change.
In LTS rf SQUIDs with b,1 similar AFCs were pre-
dicted theoretically by Danilov and Likharev,20 and observed
experimentally by Shnyrkov et al. and by Dmitrenko
et al.11,12 The AFCs showed multivalued behavior when the
product k2QLb.1.0.
To measure the AFCs while increasing b ~i.e., increasing
the Ic of the junction! the temperature was lowered stepwise.
In Fig. 3, we show an example of the temperature depen-
dence of (v12v2)/2p at the constant low level of rf power
set at about 295 dBm for a SQUID of Ls5260 pH. For 79.3
K and less, the resonant frequency difference increases with
decreasing temperature until a maximum is reached at about
75.3 K. When lowering the temperature further, the differ-
ence decreases and becomes zero at about 65.3 K, where the
FIG. 3. Dependence of the resonant frequency difference ~modulation! at
,295 dBm upon temperature. The line was drawn to guide the eye.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toSQUID enters the hysteretic regime. We note that in the
nonhysteretic mode the loaded quality factor of the tank cir-
cuit measured at Fe5(n1 12)F0 decreases monotonically
with lowering the temperature. This is due to the effective
damping increase with increasing b.
B. Extraction of SQUID parameters from AFC data
and from the direct measurement of the
junction
By extending the approach of Chesca,10 Greenberg ob-
tained explicit expressions for the effective damping and the
effective detuning when G.1,Ls /LF.1, and the driving rf
power level is very low.21 After proper simplification one
obtains the following expressions:
G5x
~12x2!
V F11 V
2
4~12x2!2G , ~1!
k25
v12v2
v0bx
, ~2!
q5
Q2212Q121
2k2bx@11~g~ l !2x~12x2!!/G# , ~3!
where x5exp(2Ls/2LF), V5(2v02v12v2)/(v12v2), l
5Ls /LF , Q1 , and Q2 are the loaded quality factors at nF0
and (n11/2)F0 respectively, q5v0Ls/Rn , and g(l)5l@1
2 12l1 1372l22 7144l31 313600l42 11200l51 135 280l6# . From experi-
mental values of v0 , v1 , v2 , and Q1 , Q2 , one can thus
obtain G, b, k, and Rn .
In Table I we show the rf SQUID parameters calculated
from the data of Fig. 3 and from the corresponding values of
Q1 and Q2 measured at several temperatures. The b param-
eter value was 1.24 at 79.3 K and increased to 1.86 at 76.3
K, the lowest temperature of calculation. The high frequency
coupling coefficient was about 831023, and the normal re-
sistance was slightly less than 12 V. The values of b(Ic) and
Rn , given in brackets, are those determined directly from
measurements after opening the loop. One can see that the
agreement with values calculated from AFC data is rather
good. Similar agreement was obtained for the three other
SQUIDs where we opened the loop and measured junction
I – V characteristics conforming well to the RSJ model ~the
total number of tested SQUIDS was about 40, but most of
the junction I – V curves showed deviations from the model!.
This is shown in Table II, where we compare only the com-
puted and directly measured Ic and Rn ~values in brackets!.
The data of Tables I and II show that the use of Eqs. ~1!–~3!
for the determination of SQUID parameters is justified and
TABLE I. Parameters of a rf SQUID having Ls>260 pH ~Fig. 3! calculated
from the AFCs data. Values in parentheses were measured after opening the
SQUID loop.
T ~K! 75.3 76.3 77.3 78.3 79.3
k2(31023) fl 8.0 8.14 7.46 7.92
b (2.260.4) 1.86 1.63 (1.860.3) 1.44 1.24 (1.460.2)
Ic (mA) (2.860.5) 2.4 2.1 (2.360.4) 1.8 1.6 (1.760.3)
Rn ~V! ~10.5! 10.7 11.86 ~10.8! 11.7 12.1 ~10.9!
G (1.260.2) 1.4 1.6 (1.460.3) 1.8 2.1 (1.960.3) AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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cal reality rather well. Since the explicit expressions are valid
at G.1 and Ls /LF.1, the error could increase at G,1, i.e.,
below about 76 K. Hence, in Table I we included calculated
data only for T>76.3 K. By making a linear extrapolation,
we estimated that our SQUID remained dispersive up to b
about 3.6. This is in contrast to the low-temperature opera-
tion, in which case the transition from dispersive to hyster-
etic regime occurs when b>1. The dispersive operation of
HTS rf SQUIDs at b values, higher than 1 and up to about 3
can be inferred from Chesca’s theory.
Temperature dependencies such as are shown in Fig. 3
and data of Table I are very useful in practice, as they pro-
vide the information on the optimum Ic ~i.e., optimum b!,
and optimum temperature of SQUID operation. It will be
shown in Sec. III C that the optimum performance, i.e., the
minimum of flux noise, is obtained in the range where the
resonance frequency modulation is maximal. For optimum
operation at a different temperature, that information pro-
vides a guidance for trimming Ic , e.g., by annealing to in-
crease or reduce the oxygen concentration in the junction.
C. Measurement of energy sensitivity
For the measurement of flux noise (Sf) or energy sen-
sitivity ~e!, the coupling between the resonator and the re-
ceiving antenna was adjusted to improve impedance match-
ing between the resonator and the amplifier and to attain the
optimal operation condition of SQUID, k2QL.1, which was
confirmed by the observation of steps on the resonance
curves. For the SQUID of Fig. 3 and Table I, we measured
the white noise dependence on temperature, and calculated
the corresponding energy densities. Here, for simplicity, we
took the effective noise temperature of the tank circuit to be
the same as the operation temperature of the SQUID. The
results are shown in Fig. 4. The open squares are the experi-
mental data after subtracting the background noise from the
amplifier. The current noise from the integrator was not
taken into account. The background noise was approximately
measured by terminating the cold end of the 50 V cable with
a 50 V resistor. The inset in Fig. 4 shows the measured white
flux noise dependence on temperature, which includes the
background noise. The minimum of white flux noise was
TABLE II. Comparison of calculated critical current and resistance of the
SQUID junction with values in parentheses which were directly measured
for three SQUIDs.
Device No.,
Ls (pH) T ~K! Ic (mA) Rn ~V!
1, 150 79.3 1.7 (1.860.4) 7.6~8.2!
78.3 2.2 (2.460.5) 7.3~8.2!
77.3 2.4 (2.760.5) 6.9~8.0!
2, 260 79.3 1.7 (1.960.4) 11.1~12.2!
78.3 2.1 (2.360.5) 9.7~12.0!
77.3 2.6 (2.960.6) 9.6~11.9!
3, 260 79.3 2.0 (1.960.4) 14.4~11.5!
78.3 2.3 (2.160.4) 11.9~11.2!
77.3 2.5 (2.360.4) 9.6~11.0!Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toSF
1/2512.7mF0 /AHz. After subtracting the background noise
of the electronic, the minimum energy resolution was about
8310231 J/Hz. We note that at T,74 K, the flux noise Sf
1/2
increases as the temperature decreases. This is caused, at
least in part, by the decrease in temperature of the transfer
function u]V/]Fu. This occurs in the temperature range
where b increases and the frequency modulation decreases
since the transition from dispersive to hysteretic mode of rf
SQUID operation is approached. We note that Sf
5Sv /u]V/]Fu2 where Sv is the voltage noise.
For two other SQUID samples, Nos. 1 and 3 in Table II,
we also measured the temperature dependence of flux noise.
These two samples showed similar behavior as in Fig. 4.
After subtracting the background noise of the electronics, the
resulting energy resolution data are given in Table III.
The formulated version of rf SQUID’s theory10 is strictly
valid for amplitude demodulation while we used synchro-
nous detection by a mixer. We show in Sec. III D that at
optimal operating conditions the contribution of the phase
signal to the transfer function is small, so that the theory is a
good approximation also when synchronous detection is
used. In Fig. 4, the solid dots are values of e calculated from
theory using the indirectly measured rf SQUID parameters
from Table I. We can see that theory and experiment show a
good agreement. Good agreement is confirmed also by data
of sample No. 3 in Table III, which has the same inductance
of 260 pH, much higher than LF . In the large inductance
samples, the optimal energy resolution was obtained at b,
much larger than 1, in the range where the frequency modu-
lation is near maximum, i.e., the SQUID is highly dispersive.
In contrast, for sample No. 1 of Table III, which had the
smaller inductance of 150 pH, the optimum b was only
somewhat larger than 1.
D. Role of phase signal in rf SQUID using a mixer as
detector
In our described measurements, we used electronics with
phase-sensitive synchronous detection by a mixer.16 If a
mixer is used as a signal detector, both the amplitude and the
phase signals are detected. However, the explicit expressions
of Chesca’s theory were formulated for the amplitude signal
only.10 It was appropriate, therefore, to verify whether the
FIG. 4. Temperature dependence of energy sensitivity of the same SQUID
as in Fig. 3. The line was drawn to guide the eye. The inset shows SF1/2(T). AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
6786 J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Zeng et al.additional phase signal could cause a significant deviation of
our experimental results from those obtained in the case of
amplitude detection by a diode.
The comparative analysis of synchronous and amplitude
detection was summarized by Danilov and Likharev.20 They
FIG. 5. Comparison of V – F curves obtained using mixer ~upper! and diode
~lower! as detector at three different temperatures. All curves have the same
ordinate scale.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toshowed that for the nonhysteretic SQUID one should not
expect any significant change of the SQUID output signal.
To study the role of phase signal in rf SQUID, we mea-
sured V – F curves of the same SQUID using both the syn-
chronous and the diode detector. The loop inductance of this
SQUID was Ls>225 pH and the resonance frequency of the
resonator was about 610 MHz. In Fig. 5, we compare oscil-
loscope traces obtained with the mixer ~upper trace! and di-
ode ~lower trace! at three different temperatures. All traces
have the same ordinate scale. Here, the V – F curves were
optimized for flux noise measurement. We can see that the
waveforms ~shape and amplitude! obtained using the two
different detectors are very similar. This similarity suggests
that, in optimal conditions, the phase signal contribution to
the SQUID’s transfer function u]V/]Fu is small in compari-
son to the contribution from the amplitude signal. For that
reason, the results of the analytical approach developed in
Ref. 10 for the amplitude detection may well be applied also
to the case when a mixer is used as detector in the SQUID
readout electronics. The higher noise content in the traces
obtained using the diode detector is attributed, at least in
part, to the use of nonoptimized breadboard electronics con-
structed specifically for this measurement.
IV. CONCLUSIONS
We have shown experimentally that in the presence of
large thermal fluctuations the HTS rf SQUIDs operate in
nonhysteretic mode for b values up to about 3.6, which is
consistent with the prediction of Chesca’s theory. By mea-
suring AFCs and using the expressions derived from theory,
we could determine all rf SQUID parameters. The derived
junction’s Ic and Rn were in good agreement with direct
measurements of the junction, thus confirming the validity of
the theory. As predicted theoretically, the optimal energy
sensitivity was obtained at b.1 for a highly dispersive
SQUID, in contrast to the situation at low temperatures
where the optimum corresponds to b>1. In optimum opera-
tion conditions, and with synchronous detection ~mixer as
detector!, the phase signal contribution to the transfer func-
tion is small compared with the amplitude signal contribu-
tion. Hence, the use of theoretical expressions derived for the
amplitude signal is justified.
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